Summary. The effects of size, time of day and sequence of meal ingestion were determined in healthy subjects using a Latin square design. Plasma glucose, insulin and gastric inhibitory polypeptide, but not glucagon, were correlated with meal size. Plasma glucose, but not insulin, gastric inhibitory polypeptide or glucagon, were greater later in the day. The progressive decline in carbohydrate tolerance from 08.00 to 18.00h was associated with impaired insulin secretion estimated by C-peptide, and with impaired insulin action.
Man ingests food intermittently and in varying amounts throughout the day. To define the normal post-prandial glucose and hormonal responses under these conditions an examination of the effects of different sizes of meals, time of day of meal ingestion and sequence of ingestion of meals of different sizes on the factors involved in mixed meal tolerance would be required. Plasma glucose responses to varying amounts of orally administered glucose have been reported to correlate with the size of the glucose load in some studies [1] [2] [3] [4] [5] but not in others [6, 7] . No correlation between meals of different sizes and post-prandial plasma glucose responses was observed in the only study to examine this relationship [8] . Although a diurnal variation in tolerance to oral glucose loads has been consistently demonstrated [9] [10] [11] [12] [13] [14] , it has not been uniformly observed following consumption of mixed meals [15] [16] [17] [18] . Furthermore, although glucose tolerance improVed following closely timed administration of successive intravenous or oral glucose loads [19, 20] , it deteriorated if a 3-h interval was allowed between successive glucose loads [21] .
To define the normal post-prandial glucose and hormonal responses to meals which encompass sizes eaten in everyday life, we examined the effects of meal size, time of day, and sequence of meal ingestion on postprandial plasma glucose, insulin, gastric inhibitory polypeptide, and glucagon concentrations and insulin secretion.
Subjects and Methods

Subjects
Six lean (96.5 + 3.1% ideal body weight) healthy subjects (four male, two female; aged 39 _+ 4 years) volunteered for study after having provided written informed consent.
Me~o~
Each subject was studied on three occasions at least two weeks apart in the Clinical Research Center of the Mayo Clinic under a 3 x 3 Latin square design. On each study day, meals prepared in the research kitchen were given at 08.00, 13.00 and 18.00 h. Each meal provided 12.5% (small), 25% (medium) or 50% (large) of total daily calories (30 Kcal/kg body weight). Meal sizes were selected to reflect those commonly consumed by healthy subjects. The meals varied in size from a snack to a full course meal. On each study day each subject ate one of each of the meal sizes ( Table 1 ). The order of meal ingestion varied from study day to study day, with the order of study days randomized. Three subjects (two male, one female) ingested meals described by sequence 1 ; the sequence of meal ingestion was reversed (sequence 2) for the other three patients (two male, one female).
Each meal was identical both in the proportions of nutrient contents (50% carbohydrate, 20% protein, 30% fat) and in food composition: steak, baked potato, lettuce, carrots, salad dressing, cake, strawberries, bread, margarine, and coffee or tea. This was done to avoid potential influences of differing foodstuffs, albeit with similar nutrient composition, on post-prandial glucose and insulin responses [22] [23] [24] [25] [26] [27] . The fibre content of the large meals was 0.02g/kg body weight and proportionately less for the smaller meals. Blood was sampled at 10-30 min intervals from 07.30 to 23.00 h for plasma glucose [28] , C-peptide (Calbiochem, San Diego, California) [29] , gastric inhibitory polypeptide (GIP) [30] , and glucagon [31] analyses. Insulin secretion was calculated from the plasma C-peptide concentrations using a spline function assuming equimolar secretion of insulin and C-peptide and a 2-compartment model of distribution of C-peptide [321.
Statistical Analysis
Statistical analysis was performed by an analysis of variance, Spearman rank correlation coefficient, and Student's t-test. Apvalue < 0.05 was taken as significant.
Results
Effects of Meal Size on Plasma Glucose, Insulin, GIP, and Glucagon Concentrations (Figs. 1, 2)
Post-prandial plasma glucose, insulin, and GIP concentrations increased progressively as meal size increased from 12.5% to 50% of total calories. There were significant associations between meal size and post-prandial plasma glucose (p < 0.001), insulin (p = 0.02) and GIP (p = 0.003). This increase was evident whether assessed as peak post-prandial concentrations of plasma glucose (7.6 + 0. 19.8 _+ 3.0 nmol. 1 1. 300 minl), for the small, medium, and large meals, respectively. There was no effect of meal size on post-prandial plasma glucagon concentrations.
Effect of Time of Meal Ingestion on Plasma Glucose, Insulin, GIP, and Glucagon Concentrations and Insulin Secretion (Figs. 1, 3, 4)
Post-prandial plasma glucose concentrations increased progressively from 08.00 to 18.00 h (p =0.006) for the medium and large meals. This increase was evident when assessed either as peak post-prandial plasma glucose concentrations (7. 13 .00 and l 8.00 h, respectively. Peak post-prandial plasma glucose concentrations exceeded 10 mmol/1 in four subjects after ingestion of the large meal. There was no influence of time of day on plasma insulin, GIP or glucagon responses to the three meal sizes.
Since the greatest effects of time of day on plasma glucose concentrations were observed for the large meal, calculations of insulin secretion were limited to that meal. Despite increases of approximately 30% in plasma insulin (165 _+ 49 versus 215 _+ 52 mU-1 1-300min -1) and insulin secretion (5.6 + 1.0 versus 7.5 _+ 0.5 units) from 08.00 to 13.00 h, there was a doubling of plasma glucose responses (172.2_+ 50.0 versus 388.9_+ . Plasma glucose, insulin and GIP responses expressed as mean + SEM for areas under the curves, and insulin secretion estimated using a spline function applied to C-peptide measurements, for the large meal taken at 08.00, 13.00 and 18.00 h Table I Time of meals Meal sequence
I II
Study day
L=large meal (50% total daily calories); M =medium meal (25% total daily calories); S = small meal (12.5% total daily calories) 
mmol-1 1. 300 min-1). In the face of a further in-
Effect of Sequence of Meal Ingestion on Plasma Glucose, Insulin and GIP Concentrations
There was no effect of sequence of meal ingestion as an independent variable or as a modulator of other variables such as meal size and/or time of day of meal ingestion on plasma glucose, insulin, GIP or glucagon responses.
Discussion
Under normal ambulatory conditions healthy individuals eat meals throughout the day that may vary widely in size. The current studies demonstrate that in normal subjects meal tolerance decreases as the day progresses due to a decrease in insulin action in the absence of a compensatory increase in insulin secretion. Ingestion of meals varying in caloric content from 12.5% to 50% of total calories was associated with proportionate increases in post-prandial plasma glucose, insulin and GIP concentrations. Sequence of meal ingestion was without effect on any of the above variables. Most but not all previous studies have observed a progressive increase in plasma glucose concentrations with increasing glucose loads [1] [2] [3] [4] [5] [6] [7] . Although a significant association between meal size and post-prandial plasma glucose concentration was observed in the current studies when the data from all meals were assessed, the effect of meal size on meal tolerance was dependent on time of day. This relationship was most prominent when meals were ingested at 18.00 h but was not detectable at 08.00 h. At 13.00 h the plasma glucose responses to the large meal exceeded those of the medium and small meals but the latter two did not differ. At 08.00 h there were no differences in plasma glucose responses among the three sizes of meals. These observations are consistent with those of Cohn et al. [8] who noted no differences in post-prandial plasma glucose responses to meals varying in size from 145 to 580 calories when ingested at 08.00 h. The effects of varying size of meals at other times of the day were not examined by those investigators.
Post-prandial plasma glucose concentrations frequently exceeded 10 mmol/1 after the large meal in the current studies, which contrasts with other studies in which healthy subjects fed meals consisting of 30%-35% of total daily calories as the evening meal had peak post-prandial plasma glucose concentrations of less than 8.3 mmol/1 [33] [34] [35] . This observation suggests that currently proposed goals for peak post-prandial plasma glucose concentrations for diabetic subjects may be too stringent [36, 37] .
The correlation between meal size and post-prandial plasma insulin concentrations reported previously [8] is consistent with the well established relationship between glucose load and plasma insulin responses [3, [5] [6] [7] . The post-prandial plasma insulin responses in this study were potentially mediated by both plasma glucose and GIP concentrations. The latter hormone (which is secreted from the small bowel in response to enteral administration of glucose, fat and selected amino acids) is often considered to be the primary mediator of the enteroinsular axis [38] . Associations between GIP release and the size of oral glucose and triglyceride loads have been reported in animals [39, 40] . The current studies demonstrate a highly significant association between meal size and post-prandial plasma GIP responses. No such relationship was observed between meal size and post-prandial plasma glucagon responses.
The current studies indicate a progressive deterioration in carbohydrate tolerance to mixed meals throughout the day. It has long been recognized that there is a diurnal variation in response to oral glucose loads, characterized by reduced tolerance later in the day [9] [10] [11] [12] [13] [14] . A similar effect has not been uniformly reported for carbohydrate tolerance to mixed meals [15] [16] [17] [18] . Reduced carbohydrate tolerance to mixed meals was observed by Owens et al [18] , and, although not commented on by Genuth [16] , is evident from analysis of his data; Ahmed et al observed the phenomenon in females and not males [17] . In contrast, Malherbe et al. reported that there was no evidence for a diurnal variation in carbohydrate tolerance to mixed meals [15] . However, in the latter study, although no change in carbohydrate tolerance during the day was reported when the data from all time periods were analyzed, when integrated responses were compared for each time period carbohydrate tolerance was worse late in the day than earlier.
The failure to recognize a diurnal variation in carbohydrate tolerance to mixed meals in some previous studies may derive in part from the size of the test meal. In the present study the effect of time of day on meal tolerance was most evident with a meal which constituted a larger caloric challenge (50% of total daily calories) than in previous studies (33% of total daily calories). Although this meal was approximately 1000 Kcal, its size and composition was similar to that eaten in a typical evening dinner.
The deterioration of carbohydrate tolerance to mixed meals during the day appears to result from both impaired insulin secretion and impaired insulin action. Impaired insulin secretion is demonstrated by the fact that, despite progressive increases in post-prandial plasma glucose concentrations during the day, there was no concomitant increase in insulin release as reflected by either plasma insulin concentrations or C-peptide secretion. These observations are consistent with previous reports of a progressive impairment of insulin responses to oral glucose loads during the day [10] [11] [12] [13] [14] 41] . Furthermore, insulin responses to intravenous glucose have been reported to be greater in the morning than in the evening [12, 42] . The similarity in diurnal responses of plasma insulin between intravenous and oral glucose challenges obviates the participation of the enteroinsular axis in this phenomenon. This conclusion is consistent with the lack of diurnal change in plasma GIP concentrations in the current study. Although a diurnal alteration in hepatic clearance of insulin could account for the lack of change in plasma insulin concentrations during the day, the absence of a diurnal effect on insulin secretion calculated by C-peptide concentrations makes this possibility unlikely.
Decreased insulin secretion alone does not appear to be sufficient to explain the progressive deterioration in carbohydrate tolerance to mixed meals during the day. The progressive increase in plasma glucose concentrations in the face of unchanging insulin secretion and plasma insulin concentrations suggests an impairment in insulin action. This speculation is consistent with the reports that intravenous insulin resulted in greater hypoglycaemia in the morning than later in the day [12, 41, 43] . Although the design of the current study does not permit an assessment of the mechanism for a diurnal impairment of insulin action, decreased insulin sensitivity could arise from decreased insulin receptor binding following meal ingestion later in the day [44] . It is not known whether this phenomenon is due to downregulation of insulin binding as a result of higher insulin levels during the day than during the night. Although plasma levels of growth hormone, cortisol and catecholamines were not measured in the current study, it is unlikely that the progressive decrease in insulin action can be attributed to excess secretion of these hormones since peak concentrations of these hormones usually occur in the morning [45] [46] [47] [48] .
Thus, in nondiabetic man meal tolerance is influenced both by size of meal and time of day of meal ingestion but not by sequence of meal ingestion. As meal size increases post-prandial glycaemia and insulin secretion increase proportionately. Meal tolerance decreases progressively throughout the day because of both a decrease in insulin action and a lack of any compensatory increase in insulin secretion.
